conducted to prove the efficiency of utilizing FRP composites in structural elements (Nanni 32 1995; Arduini et al. 1997; Grace et al.1999; Ross et al. 1999; Brena et al. 2003) . In spite of this, 
Geometric Discontinuities

89
Generally, there are two approaches to simulate fracture process in finite element modeling: a 90 continuum approach and a discrete approach. The continuum approach, commonly referred to as 91 D r a f t the "smeared crack approach", treats fracture as the end process of localization and accumulation 92 of damage in continuum without creating a real discontinuity in the material. It is unable to trace 93 individual macro-cracks because it tends to spread crack motion over a region of the structure 94 rather than at localized points unless the characteristic dimension of the finite elements are 95 chosen small enough from the beginning of the analysis to accurately resolve the evolving 96 damage zone, as demonstrated by Lu et al. (2005) . However, for real-life structures the 97 computation costs become excessive and impractical. Alternatively, the discrete crack approach 98 models a crack discretely as a geometric entity and was selected to simulate discontinuities due 99 to opening of dominant cracks, slipping of rebar, and debonding of the FRP sheet. This approach 100 has been modelled using zero-thickness interface elements for the aforementioned discontinuities 101 and their constitutive relationships are discussed in subsequent sections. 
Concrete Modelling
103
The concrete damage plasticity model provided in ABAQUS (2007) is used to simulate the 104 nonlinear behaviour of concrete. To ensure that major cracking and crack growth do not occur in 105 locations other than where the predefined cracks are set, the compressive and tensile material 106 models were defined without limitation of strain capacity, as shown in Figure 1 . The plasticity of 107 concrete material was modelled using the concrete damage plasticity model. In this plasticity D r a f t 6 C elastic stiffness and the evolution of the yield surface. They are also closely related to the 115 dissipated fracture energy required to generate macro-cracks. Typically, the formation of macro-116 cracks is represented macroscopically as softening behavior of the material, which causes the 117 localization and redistribution of strain in a structure. One way to remove the evolution of 118 cracking is to modify the compressive hardening and tensile softening of the material model,
119
within the original smeared model. Cracking leads to softening behaviour of the material so if 120 any post-yield softening is removed from the model, the growth of cracking could be avoided in 121 the material thereby only permitting major cracking to occur within the predefined locations.
122
The discrete crack approach is adopted to account for "major" concrete cracking in the model by 
169
• Existing solutions proposed by Smith and Teng (2001) show that the normal stress has 170 little effect on the derivation of shear stress.
171
• By using a displacement discontinuity model, Wu et al. (2002) On the other hand, the interface is modelled using the non-linear fracture mechanics approach by:
Where ‫ݑ‬ is the horizontal displacement of the FRP element and ‫ݑ‬ is the horizontal 190 displacement of the concrete element. The interface is formulated as:
where ߬ ௫ is the maximum interfacial shear stress; ‫ݏ‬ is the slip at maximum interfacial shear 192 stress; ߙ is a coefficient; ‫ܩ‬ is the interfacial fracture energy; and ߚ ௪ is FRP width factor. The interface elements are attached to the concrete substrate through the use of "tie constraints".
207
At each end of the interface element, the interaction between the two nodes is represented by two 
Mesh Convergence
244
A general check on the mesh density was investigated prior to the start of the analysis. Mesh the larger crack spaced models by inspection of the deflection values for each model in Table 1 .
299
The single localized crack model was able to deflect 18.9 mm after macro-debonding in 300 comparison to only 9.5 mm for the model with cracks spaced at 50 mm. This may be attributed 301 to the existence of more closely spaced cracks quickening the debonding propagation. 
Interfacial Shear Stress Response
303
The above results can be explained by studying the interfacial behaviour of the analyses models.
304
For the case of the single localized crack predefined beneath the load, it was found that prior to propagating along the soffit in two directions. To demonstrate the debonding propagation along 318 the interface Figure 9 captures the interfacial shear stress distribution at six (6) required to achieve full FRP bond capacity along the concrete interface.
324
The effects of crack spacing will be discussed by considering the 280 and 100 mm crack spacing failure. The effective shear transfer length was found to be 145 mm.
357
The case of cracks spaced at 100 mm along the interface is used to exemplify a case in which Table 1 suggests that the existence of multiple cracks spaced less than Leff 372 helps prolong the initiation of micro-debonding, rebar yielding, and macro-debonding.
373
The existence of a secondary crack and the spacing between adjacent cracks appears to have an 374 effect on the initial of debonding and rebar yielding, which occurred at earlier stages in models 375 with larger crack spacing (see Table 1 ). This may be attributed to the abrasion effect along the evidenced by the lower deflection values obtained before debonding failure in Table 1 . was found to continue to increase (at a comparatively lower rate) following macro-debonding,
417
suggesting that small crack spacing may be helpful to further utilize the strengthening effect of 418 the FRP sheet. This phenomenon is shown in Figure 13 for the xc = 100 mm model and may be 419 attributed to the abrasion effect, which is more prominent in the models with crack spacing less 420 than the Leff. In these models the FRP sheet continues to contribute to the load-carrying capacity 421 despite debonding at a particular location so long it is located within the effective shear transfer 422 length of a nearby flexural crack. Inspecting the FRP strain values listed in Table 1 supports this   423 observation as strain values are higher in smaller crack spaced models than larger spaced models 424 at debonding failure. It is interesting to note how the optimum crack spacing to achieve the 425 maximum plate strain is dependent on the crack spacing within the beam. As listed in Table 1 426 the FRP strain prior to failure is the greatest in the ‫ݔ‬ = 100 mm model, followed by the ‫ݔ‬ = 75, beam. Furthermore, the ‫ݔ‬ = 100 mm model had the largest FRP strain increase after the 436 initiation of macro-debonding followed by the ‫ݔ‬ = 75, 50 and 125 mm models as listed in Table   437 1.
438
Conclusion
439
In this study, a detailed finite element model was developed to carry out a comprehensive finite 
445
• Subsequent to the initiation of macro-debonding, the interface cracks spread towards the 
